The primary benefits of ETA are reduced experiment time, enhanced sensitivity, and the ability to separate frequency contributions that are refocused during the echo train pulse sequence from those that are not. Here we present an improved method, called phase incremented echo train acquisition (PIETA), for adding ETA to a number of NMR experiments where the standard approach of Carr-PurcellMeiboom-Gill (CPMG) acquisition would produce numerous artifacts.
In CPMG acquisition, shown in Fig. 1(a) , a train of rf pulses produces a train of echo signals arising from the refocusing of frequency contributions with odd symmetry in their spin transition function. 9 Frequency contributions lacking odd symmetry result in a modulation or decay of the echo train signal. In principle, the echo amplitude modulations in liquid-state CPMG experiments could be used to measure unfocused J-coupling frequency contributions when the size of the couplings is smaller than the linewidth from magnetic field inhomogeneities. 10 Additionally, the echo amplitude decays in CPMG could be related to transverse relaxation rates independent of molecular diffusion rates. 2, 3 It is well a) URL: http://www.grandinetti.org.
known, 4, 5, [11] [12] [13] [14] however, that CPMG acquisition can often fail to produce desired results because non-ideal rf pulses introduce contaminating signals from undesired coherence transfer pathways.
Ideally, each echo observed in a CPMG experiment is the result of a coherence transfer from p = +1 → −1 by a single rf pulse. If the rf pulse creating the transfer is a perfect π rotation of the magnetization, then the efficiency of this transfer is 100%. Unfortunately, resonance offset effects, as well as rf field inhomogeneities, lead to inefficient transfers. Thus, coherences may "leak" into undesired pathways, i.e., p = +1 → 0 and p = +1 → +1. In ETA even the smallest inefficiencies lead to significant signal loss since the intensity of the echo after n transfers is reduced by the transfer efficiency to the nth power. While these intensity losses are real, they are generally unobservable because they are "buried" under undesired echo signals coming from various stimulated echoes, that is, the undesired pathways. This effect leads to multiexponential CPMG echo decays in situations where perfect π pulses would yield only a single exponential. 4 Additionally, any attempts to measure J-couplings from the modulation of the CPMG echo train amplitude become intractable because of signal contamination from undesired pathways.
Clearly, a challenge in using ETA acquisition is in obtaining perfect refocusing and eliminating undesired signal pathways. In CPMG, one can strive for perfect π pulses through higher rf powers and restricting the sample to the most homogeneous part of the rf transmitter coil, but these approaches have drawbacks. higher rf field strength but at the price of smaller sample volume which, coupled with sample restriction, can be severely limiting for sensitivity. While perfect refocusing pulses in CPMG are the panacea to the problems described above, a significant subset of these problems can be solved by simply eliminating the undesired coherence transfer pathways. The most obvious solution, proposed decades ago by Bain 15 and Bodenhausen et al., 16 would be to cycle the pulse and receiver phases during signal coaddition according to a master equation to eliminate the undesired coherence transfer pathways. This approach, however, cannot be easily applied to CPMG acquisition because the phase cycle for n refocusing pulses is, at minimum, on the order of 2 n steps. Thus, no pulse sequence using CPMG acquisition, even with "cogwheel" phase cycling, 17 has been published that eliminates these artifacts. Since every observed echo can have contributions from multiple pathways, the challenge is to find a master equation for the receiver phase as a function of echo count that dealiases (unfolds) all desired pathway signals away from undesired pathway signals.
Here we present a simple solution, based on the seminal work of Drobny et al., 18 which exploits the signal as a function of φ P , the pulse phase, being the Fourier conjugate of the signal as a function of p, the coherence order change during the pulse. 19 Generally, in ETA, an N-dimensional experiment becomes an N + 1 dimensional experiment, with an additional dimension associated with the echo count, n, or an evolution time that is an integer multiple of the spacing between echo maxima. In PIETA, the mixing pulse and every other refocusing pulse are incremented by a phase, φ P , creating an N + 2 dimensional experiment with the additional phase dimension. A Fourier transform with respect to the PIETA phase, φ P , (a) A magic-angle spinning (MAS)-PIETA cross section of RbNO 3 using the sequence in Fig. 1(b) , where the π pulse width has been calibrated and no undesired pathway signals are observed. The p range from −16 to +16 was obtained using φ P = 2π /32. The cross section in (b) was obtained with the same sequence and sample as (a) except the refocusing pulse was intentionally mis-set to π /2 to illustrate the presence of undesired pathway signals. (c) Experimental 2D cross section taken through the echo maximum at t 1 = 0 and t 2 = 0 in a 4D Multiple-quantum MAS (MQMAS)-PIETA spectrum of RbNO 3 using φ P = 2π /32.
converts the φ P dimension into a p dimension. The simplest application of PIETA, shown in Fig. 1(b) , is after a π /2 excitation pulse, which leads to a 3D signal, S(t, n, p). Shown in Fig. 2(a) is the experimental 2D cross section at t = 0 for such a signal in the case of the 87 Rb MAS NMR signal of polycrystalline RbNO 3 . As can be seen in Fig. 2(a) , the PIETA cross section with the p and n dimensions contains a "V" pattern of intensity from the desired pathways. The signals in the "squares" belonging to the desired pathways are extracted into a 2D signal as a function of t and n. If there is no frequency modulation along the n dimension, then one might further reduce the signal in a weighted average to maximize sensitivity 20 into a 1D signal as a function of t. In Fig. 2(b) , the refocusing pulse was intentionally mis-set to π /2 to make more prominent the undesired pathway signals, which appear inside the pattern of the desired pathway signals. The undesired pathway signals arise from stimulated echoes, and decay at a slower rate than the desired pathway signal.
Another important advantage of PIETA is that it can be appended to experiments with a phase modulated signal after the mixing pulse, as illustrated in Fig. 1(d) . This is in contrast to appended CPMG acquisition, shown in Fig. 1(c) , which requires any phase modulated coherence of order p in to be converted into amplitude modulation via a z-filter before conversion into observable coherence of p = −1. Since PIETA avoids the need for a z-filter it gives a √ 2 improvement in sensitivity over CPMG acquisition and can also separate degenerate pathways that CPMG acquisition cannot.
While this use of a concerted phase increment is similar to "cogwheel," the PIETA approach does not require a detailed analysis of the undesired pathways and the derivation of a master equation for the receiver phase. In fact, a PIETA spectrum can illustrate why no single master equation in conventional or "cogwheel" phase cycling will work for some experiments. This is seen when combining PIETA with the 2D MQ-MAS experiment. 21 Shown in Fig. 2(c) is the PIETA cross section for the two pulse MQ-MAS experiment 22 combined with PIETA. In this experiment the phase modulated input coherence before mixing is p in = −3. The acquisition of both pathway and anti-pathway signals for hypercomplex acquisition in t 1 results in a doubled PIETA pattern. While reducing this 4D signal of S(t 1 , t 2 , n, p) down to the 2D signal, S(t 1 , t 2 ), is straightforward, it is not immediately clear how one can derive a receiver master equation for coaddition of signals that can be implemented on existing commercial spectrometer hardware using available phase cycling schemes.
Finally, PIETA can reduce errors in measuring transverse relaxation rates and J-couplings. Additionally, it can provide this information in a "pseudo-single-scan" experiment. "Single-scan" in the sense that the entire multi-dimensional time domain signal is acquired in a single acquisition, and "pseudo" because the separate "single-scan" signals must also be acquired along an excitation phase dimension. Sampling in the excitation phase dimension, however, need not increase the total experiment time since it is performed in lieu of conventional phase cycling and signal averaging.
This approach is illustrated with the 2D J PIETA 1 H spectrum for ethylbenzene in Fig. 3 (a) and its 1D cross sections in Fig. 3(b) . The multiplet structures and intensities are as expected and in good agreement with the simulated 2D cross sections for ethylbenzene shown in Fig. 3(d) . In contrast, the 1D cross sections obtained from a 2D J CPMG 1 H spectrum, shown in Fig. 3(c) , exhibit sharp zero frequency artifacts. Even in the presence of pulse imperfections, the echo decays measured with PIETA exhibit a mono-exponential decay while CPMG echoes exhibit a multi-exponential decay. Thus, PIETA is more robust with regards to rf pulse imperfections than CPMG in measuring transverse relaxation rates and J-couplings. Although the echo decay in PIETA is monoexponential, it is still vulnerable to pulse imperfections, and the observed decay arises from both T 2 processes and cumulative coherence transfer inefficiencies. In summary, PIETA can replace CPMG in every instance with little increase in experiment time, some additional signal processing steps, and significantly reduced artifacts. Additionally, unlike CPMG, PIETA can be appended to multidimensional NMR experiments with signals phase modulated from indirect evolution periods. Finally, PIETA opens the door to greater opportunities for the use of echo train acquisition in "pseudo-single-scan" 2D NMR spectroscopy. We believe this new approach will prove useful in numerous applications such as solution-state NMR of biological molecules, 5 solid-state NMR J spectroscopy in non-crystalline solids, 23 improved MRI contrast, 6 and mobile single-sided type NMR applications 13, 24 such as oil-well logging. 25 This material is based upon work supported by the National Science Foundation (NSF) under Grant No. NSF CHE-1012175.
